Conversion of a double-strand break into a telomere is a dangerous, potentially lethal event. However, little is known about the mechanism and control of de novo telomere formation (DNTF). DNTF can be instigated by the insertion of a telomere repeat array (TRA) into the host genome, which seeds the formation of a new telomere, resulting in chromosome truncation. Such events are rare and concentrated at chromosome ends. Here, we introduce tetraploid Arabidopsis thaliana as a robust genetic model for DNTF. Transformation of a 2.6-kb TRA into tetraploid plants resulted in a DNTF efficiency of 56%, fivefold higher than in diploid plants and 50-fold higher than in human cells. DNTF events were recovered across the entire genome, indicating that genetic redundancy facilitates recovery of DNTF events. Although TRAs as short as 100 bp seeded new telomeres, these tracts were unstable unless they were extended above a 1-kb size threshold. Unexpectedly, DNTF efficiency increased in plants lacking telomerase, and DNTF rates were lower in plants null for Ku70 or Lig4, components of the nonhomologous end-joining repair pathway. We conclude that multiple competing pathways modulate DNTF, and that tetraploid Arabidopsis will be a powerful model for elucidating the molecular details of these processes.
INTRODUCTION
The natural ends of chromosomes are distinguished from double-strand DNA breaks (DSBs) because they are packaged into telomeres, specialized nucleoprotein complexes assembled on a terminal array of short DNA repeats (TTTAGGG in Arabidopsis thaliana and most plants). The telomere repeat array (TRA) is mostly comprised of double-strand DNA but terminates in a short G-rich single-strand 39 protrusion termed the G-overhang (Verdun and Karlseder, 2007) . Telomere length is maintained in a dynamic range by opposing processes that shorten or extend the TRA (Shore and Bianchi, 2009) . Incomplete DNA replication, nucleolytic degradation, and recombination events cause telomeres to shorten (Crabbe et al., 2004; Ferreira et al., 2004) , whereas the telomerase extends the TRA (Collins, 2006) . In vertebrates, the TRA is protected by a six-member protein complex termed shelterin (de Lange, 2005) ; however, in Arabidopsis and budding yeast (Saccharomyces cerevisiae), the predominant end protection complex is Cdc13/CTC1, Stn1, and Ten1 (Bertuch and Lundblad, 2006; Surovtseva et al., 2009) . Loss of core telomere-capping components is highly deleterious, triggering DNA damage checkpoints, chromosome end-joining reactions, and widespread genome instability (Nugent et al., 1996; van Steensel et al., 1998; Baumann and Cech, 2001; Puglisi et al., 2008; Surovtseva et al., 2009 ).
Chromosomal DSBs are typically resolved by nonhomologous end-joining (NHEJ) and homologous recombination. They can also be subjected to "chromosome healing" in which telomerase adds telomere repeats at the break site to establish a new telomere (Pennaneach et al., 2006; Murnane, 2010) . This latter process protects the nascent terminus from subsequent repair activities, but de novo telomere formation (DNTF) is perilous because it leads to deletion of the acentric distal chromosome fragment. Terminal deletions and DNTF are associated with several genetic disorders, including a-thalassemia and some forms of mental retardation (Wilkie et al., 1990; Flint et al., 1994) , as well as cancer (Lee and Myung, 2009) .
DNTF is best understood in budding yeast. In this setting, DNTF requires the telomere-capping protein Cdc13 and the telomerase accessory factor Est1, which collaborate in the recruitment and/or activation of telomerase following resection of the 59 end of the TRA by the Mre11/Rad50/Xrs2 nuclease (Diede and Gottschling, 2001; Larrivé e et al., 2004) . In the absence of a TRA, telomerase is essential for the establishment of a new telomere (Pennaneach and Kolodner, 2004) . However, if the break occurs adjacent to a TRA, telomerase is dispensable, and DNTF relies on double-strand telomere binding proteins, which presumably assist with the formation of a protective cap on the new telomere (Negrini et al., 2007) . The KU70/80 heterodimer also plays an important, but enigmatic, role in yeast DNTF. Although Ku is an essential component of the NHEJ DSB repair pathway, it is also required to protect telomeres from end-joining reactions (DuBois et al., 2002) . In addition, Ku binds the telomerase RNA subunit, and this association is essential for DNTF at sites lacking a TRA (Stellwagen et al., 2003) .
DNTF has been studied in vertebrates (Barnett et al., 1993; Hanish et al., 1994; Bae and Baumann, 2007) , but much less is known about the process. The DNTF assay involves transgenic introduction of a TRA, which results in chromosome truncation when the nontelomeric region of the construct integrates into an internal region of the chromosome and the TRA is recognized and established as a bona fide telomere. DNTF is supported by a TRA as short as 250 bp and requires the vertebrate telomere repeat sequence (TTAGGG) (Hanish et al., 1994; Okabe et al., 2000) . DNTF is promoted by a double-strand telomeric DNA binding component of shelterin, TRF1. As in yeast, conversion of the TRA into a functional telomere does not require telomerase (Okabe et al., 2000; Gao et al., 2008) . Finally, DNTF events are rare and are preferentially recovered near endogenous telomeres (Diede and Gottschling, 1999; Gao et al., 2008; Fortin et al., 2009) , presumably reflecting the aneuploidy associated with chromosome truncation.
The ability of transgenic TRAs to acquire telomere function in plants was first demonstrated by Agrobacterium tumefaciensmediated transformation of immature embryos from maize (Zea mays; Yu et al., 2006) . In subsequent work, maize chromosomes were truncated using TRAs to create plant minichromosomes (Yu et al., 2007) . Although the frequency of DNTF events was low, a whole-arm truncation was recovered in a spontaneous tetraploid event (Yu et al., 2007) . This finding suggests that a major barrier to studying DNTF could be overcome by genetically buffering chromosome truncation.
Synthetic Arabidopsis tetraploids have served as models for understanding the effects of ploidy on plant development for some 40 years (Santos et al., 2003) . Notably, large deletions that are lethal in the gametophytic generation of diploid Arabidopsis can be propagated in tetraploid (4X) plants (Vizir and Mulligan, 1999) . Here, we introduce tetraploid Arabidopsis as a robust new model for DNTF. We observe a remarkably high rate of telomere truncation events, occurring throughout the entire Arabidopsis genome. In addition to testing the effects of cis-acting sequence requirements for DNTF, we exploit the genetic tractability of Arabidopsis to explore the contribution of telomerase and NHEJ components on DNTF. Unexpectedly, we find that although telomerase is required to sustain new telomeres over the long term, it is inhibitory to DNTF. By contrast, Ku and LIG4 are essential for efficient DNTF. These findings argue that multiple competing pathways influence the formation of new telomeres in higher plants.
RESULTS

Efficient Production and Recovery of DNTF Events in Tetraploid Arabidopsis
To investigate whether tetraploid Arabidopsis could serve as a model for DNTF, we generated tetraploids by treating the meristem of 7-to 14-d-old seedlings with a 0.1% colchicine solution (Henry et al., 2005) . Potential tetraploids were initially screened by examining flower size ( Figure 1A ), which increases with ploidy (Henry et al., 2005) . Plants grown from seeds of enlarged flowers were then subjected to a cytological screen, which revealed the presence of ;18 chromomeres ( Figure 1B ; Yu et al., 2006) . Although it was not possible to definitively (B) Light microscopy of 4X nuclei. Ploidy was confirmed by counting chromomeres (arrow), the heterochromatic region near centromeres. In this image, 18 distinct chromomeres are visible. (C) Schematic diagram depicting the pWY86 vector system and the PETRA assay. A T-DNA construct containing the BAR gene (for Basta selection), LB (left border), RB (right border), and a TRA in pWY86 is transformed into 4X Arabidopsis. The T-DNA can be fully integrated (left) or result in chromosome truncation and DNTF (right). Transformants are screened by PETRA using PWY86-1 (p1) or PWY86-3 (p3) and the PETRA-T primer, which will amplify products with an accessible G-overhang, reflecting DNTF. determine chromosome number in this assay, the data are consistent with tetraploidy.
A TRA-bearing construct previously used to seed DTNF in maize, pWY86 (Yu et al., 2006) , was transformed into wild-type diploid (2X) and tetraploid (4X) Arabidopsis (Columbia ecotype; Figure 1C ). For each construct, ;100 transgenic lines containing pWY86 (in some cases, from two independent transformation events) were selected for Basta (glufosinate) resistance and then screened for DNTF using a modification of the PCR assay, primer extension telomere rapid amplification (PETRA; Heacock et al., 2004;  Figure 1C ). In PETRA, the forward primer anneals to the G-overhang, a critical feature of a functional telomere, whereas the reverse primer binds a unique subtelomeric sequence. To detect DTNF, two PETRA reactions were performed with reverse primers that bind adjacent to each other 46 bp (PWY86-1) or 350 bp (PWY86-3) upstream of the TRA in the pWY86 construct ( Figure 1C ). Staggered products are generated when T-DNA insertion leads to DNTF rather than integration at an internal site in the chromosome ( Figures 1C and 2A) . The endogenous telomere on the left arm of chromosome 3 (3L) was monitored as a control.
PETRA products were obtained from two independent transformation experiments using 4X wild-type Arabidopsis (T1 = 35 of 60 [58%], T2 = 26 of 48 [54%]; Figure 2D ) for an average DNTF frequency of 56%. The congruence of these two data points and other results in duplicate transformation experiments (see Supplemental Table 1 online) demonstrated that the DNTF assay was reproducible. In contrast to results with 4X plants, only 10% of the transgenic events characterized in 2X plants led to DNTF (12 of 126). The elevated incidence of DNTF in 4X plants did not reflect an increased frequency of T-DNA insertion. DNA gel blot analysis using a probe against the BAR gene ( Figure 1C) showed the same number of T-DNA insertions in 2X and 4X transformants (see Supplemental Figure 1B online).
Consistent with telomerase action at or near the chromosome break site, PETRA products were heterogeneous in length (Figure 2A) , resembling those generated from the endogenous 3L telomere ( Figure 2B ). Furthermore, the nascent telomeres acquired a G-overhang because pretreatment of the reaction with T4 DNA polymerase, which harbors 39 to 59 exonuclease activity, blocked PETRA product synthesis ( Figure 2C ). Finally, DNA gel blot analysis of lines bearing potential truncation events confirmed DNTF (see Supplemental Figure 1 online).
Telomeres in Arabidopsis (Columbia ecotype) typically span 2 to 5 kb (Shakirov and Shippen, 2004) . To investigate whether new telomeres were subjected to the same length regulation as endogenous telomeres, PETRA was performed in the next plant generation ( Figure 3A ). Wild-type lines (4X) transformed with a 950-bp TRA showed on average a 650-bp increase in telomere length upon DNTF (Table 1) . These telomeres were elongated further in the next generation (T2; Figures 3A and 3B ). Telomeres generally increased in size, reaching up to 3.4 kb in T2 ( Figure  3B ). Conversely, new telomeres established using a 2.6-kb TRA (C) PETRA products are dependent on the presence of a 39 overhang. PETRA was performed on transformants treated with T4 DNA polymerase, which has a strong 39 to 59 exonuclease activity (+exo), for 30 min (top) or untreated (Àexo; bottom). Results using pWY86 primer (1) or a primer specific to the endogenous 3L telomere (e3L) are shown. (D) Comparison of DNTF efficiency in 2X versus 4X Arabidopsis. Efficiency was calculated by dividing the number of DNTF events by the total number of lines screened (n). *** indicates a statistically significant difference (P > 0.0001) in the DNTF rate compared with 4X wild type transformed with a 2.6-kb TRA. seed, which falls within the wild-type range of endogenous Arabidopsis telomeres, did not increase in length (Table 1) . Thus, the de novo telomeres formed in 4X Arabidopsis mimic endogenous telomeres in their architecture and length regulation.
DNTF Events Occur at Random Sites in the Arabidopsis Genome
We mapped the sites of DNTF in 4X and 2X Arabidopsis using thermal asymmetric interlaced (TAIL)-PCR (Sessions et al., 2002) . We randomly selected 10 diploid and 30 tetraploid DNTF lines and obtained PCR products for nine of 10 2X lines and 25 of 30 4X lines. In all the 2X lines, a new telomere formed close to the endogenous chromosome end (Figure 4 , blue bars). By contrast, the 25 chromosome truncation events mapped in 4X plants were widely distributed throughout the entire genome ( Figure 4 , gray bars), consistent with random integration of T-DNA (Kim et al., 2007) . Strikingly, several DNTF events resulted in large deletions, including the loss of 20 Mb from the right arm of chromosome 1 and a truncation event within the centromereflanking region of chromosome 4 (Figure 4 , arrowheads; Kumekawa et al., 2001) . Whether this centromere truncation affects chromosome segregation is unknown. The elevated incidence of DNTF and recovery of large chromosomal deletions indicate that tetraploid Arabidopsis can be exploited as a robust model for DNTF.
DNTF Requires a Properly Oriented TRA Containing 100 bp of TTTAGGG Repeats
We investigated the sequence requirements for DNTF. Orientation proved to be important because 4X Arabidopsis plants transformed with a 900-bp TRA in an inverted orientation failed to promote DNTF ( Figure 5A ). Altering the repeat sequence was also detrimental ( Figure 5 ). Only 1% (one of 80) of plants transformed with a 500-bp jumbled TRA (TTGATGG)n showed DNTF. Similarly, 600 bp of the yeast consensus upstream activating sequence (UAS) repeat (CGGAGGAGAGTCTTCCG) did not produce any DNTF events. In addition, DNTF was detected in ;18% (15/80) of plants transformed with a 750-bp TRA consisting of the vertebrate telomere repeat (TTAGGG)n, in contrast to 37% (37 of 100) in plants transformed with 700 bp of the Arabidopsis repeat ( Figures 5A and 5B ).
To establish an optimal TRA length for DNTF, derivatives of pWY86 with varying amounts of TTTAGGG repeats were transformed into 4X Arabidopsis ( Figure 5B ). Previous studies indicate that 1 kb represents a critical length threshold for Arabidopsis telomeres (Heacock et al., 2004) . Below this size, telomeres begin to be recruited into end-joining reactions. In tert mutants (which harbor a null mutation in the catalytic subunit of telomerase), the smallest TRA detected with an intact G-overhang is ;300bp (Heacock et al., 2004) . In 4X wild type, even the smallest TRA we tested, corresponding to 100 bp, initiated DNTF, albeit at a substantially reduced rate relative to a 900-or 950-bp TRA (16% versus 54%, respectively; Figure 5B ; see Supplemental Table 1 online). New telomeres recovered from plants bearing a 100-bp TRA ranged from 650 to 1.9 kb (average = 1.1 kb; Table  1 ), indicating that up to 1.8 kb of telomere repeats was added to the nascent terminus in a single plant generation. A similar trend was observed with other TRAs shorter than 1 kb (Table 1) .
A small number of the plants transformed with the 100-bp TRA contained new telomeres substantially shorter than 1 kb (see Supplemental Figure 2A , lines 1 and 4, online). We suspected that such telomeres would be prone to end-joining reactions.
Telomere fusion (TF)-PCR (Heacock et al., 2004) was performed using primers to test for sister chromatid fusions with the new telomere, as well as fusions between the TRA and endogenous telomere 3L (see Supplemental Figure 2B online). TF-PCR products were generated in reactions with lines 1 and 4, but not when new telomeres were longer than 1 kb (see Supplemental Figure  2B , lines 2 and 3, online). As expected, the endogenous 3L telomere did not engage in extensive end-joining reactions with the new TRA (see Supplemental Figure 2B , 2 + 3L, online). We conclude that nascent telomeres must exceed a critical 1-kb size threshold to avert end-to-end chromosome fusions.
Inactivation of Telomerase Increases the Frequency of DNTF
We used a genetic approach to examine the role of telomerase in converting a TRA into a functional telomere. Second generation (G2) tert mutants were made tetraploid and then transformed in the next generation with pWY86. The frequency of DNTF was monitored in two separate transformation experiments. On Figure 6A ). DNA gel blot analysis confirmed that the average transgene copy number was the same (or lower) in tert compared with wild-type transformants (see Supplemental Figure 3 online). Thus, the elevated frequency of DNTF in 4X tert mutants does not reflect increased T-DNA integration but rather argues that telomerase is inhibitory to DNTF. As for endogenous telomeres, telomerase was needed to maintain the nascent telomere once it is established. In first generation (G1) tert mutants, endogenous telomeres are ;1 kb shorter than wild type and then decline by ;200 to 300 bp each plant generation thereafter (Riha et al., 2001) . Similarly, in 4X tert transformants (G3 for tert), the average TRA associated with a nascent telomere was ;1.5 kb (Table 2) , corresponding to the loss of 1.1 kb from the 2.6-kb pWY86 TRA. In the next generation, the new telomere decreased in size by ;200 bp ( Figure 6B ). Like 4X wild-type transformants, a subset of the de novo telomeres formed with the 2.6-kb TRA in 4X tert were significantly shorter than 1 kb ( Figure 6C) . Only a low level of sister fusions were detected with newly formed telomeres ( Figure 6D , p1 alone). Consistent with previous analysis of tert mutants, no fusions were detected with the 3L telomere control (3L alone; Heacock et al., 2004) . Unexpectedly, however, TF-PCR products were observed in reactions targeting the new telomere and 3L (p1 + 3L). We conclude that a short, unstable TRA in a telomerasenegative setting is capable of recruiting a fully capped and functional telomere into an end-joining event.
NHEJ Machinery Is Required for DNTF in Arabidopsis
DNTF would appear to be in direct competition with DNA repair pathways because factors necessary to authenticate the T-DNA as a telomere seed must displace or compete with components required for T-DNA integration. The situation may be more complex, given studies in yeast showing that Ku, a core component of NHEJ machinery, promotes telomerase recruitment at DSBs and at the same time protects natural telomeres from chromosome fusion (Stellwagen et al., 2003; Wang et al., 2009 ). To test how NHEJ components influence new telomere formation in a multicellular eukaryote, we transformed pWY86 with a 2.6-kb TRA into tetraploid plants carrying a null mutation in KU70 or DNA ligase IV (LIG4).
Unexpectedly, 4X lig4 transformants showed a statistically significant decrease in DNTF events relative to 4X wild-type (A) Wild-type tetraploid plants were transformed with arrays consisting of Arabidopsis (TTTAGGG, 950 bp), human (TTAGGG, 750 bp), jumbled (TGGTTGAT, 500 bp), or UAS (CGGAGGAGAGTCTTCCG, 600 bp) repeat sequences cloned into the pBGW plasmid. The frequency of DNTF was determined by PETRA using primers targeting the pBGW plasmid backbone. (B) TRAs of various lengths were transformed into wild-type tetraploid plants and DNTF events were scored by PETRA. Efficiency was calculated as described in Figure 2D . *** indicates a P value < 0.0001, ** P < 0.001, * P < 0.01. (A) DNTF efficiency was monitored in the 4X mutant Arabidopsis lines shown. Efficiency was calculated as in Figure 2D . Figure 6A ). The value does not reflect decreased integration of pWY86 since T-DNA integration does not require LIG4 or KU (Friesner and Britt, 2003) . Moreover, we assayed DNTF in 4X lig4 transformants resistant to BASTA and thus bearing an integrated T-DNA. The average length of a new telomere in 4X lig4 mutants was 1.5 kb, 1.1 kb shorter than the 2.6-kb TRA in pWY86 (Table  2) . Because LIG4 does not make a significant contribution to telomere maintenance in Arabidopsis (Heacock et al., 2007) , the data suggest that the TRA was subjected to nucleolytic digestion or deletional recombination prior to becoming a fully capped telomere.
An even more dramatic decrease in DNTF was observed in ku70 4X mutants. Only 2% (two of 88) of the transformants formed new telomeres ( Figure 6A ). In Arabidopsis, endogenous telomeres are grossly extended in the absence of Ku (Bundock et al., 2002; Riha et al., 2002) . PETRA revealed that the new telomeres formed in these two lines were elongated to approximately the same extent as the endogenous 3L telomere, with the addition of ;2.5 kb in one generation ( Figure 6E ). These results show that if a telomere can form in the absence of Ku, it is subjected to the same length regulation as endogenous telomeres. We conclude that NHEJ components directly or indirectly promote DNTF at chromosome breaks and, further, that Ku plays an additional, specialized role in new telomere formation.
DISCUSSION
Conversion of a DSB into a fully capped telomere by DNTF is a potentially lethal event, leading to gene loss and genome instability. Thus, cells must evolve mechanisms to strictly control DNTF. Emerging data from budding yeast reveal that the ATR ortholog, Mec1, promotes genome integrity by negatively regulating DNTF as part of the DNA damage response (Makovets and Blackburn, 2009; Lydeard et al., 2010; Zhang and Durocher, 2010) . Factors that modulate DNTF in multicellular eukaryotes are largely unexplored, but as this study illustrates, the flowering plant Arabidopsis is poised to fill this gap in understanding. For example, unlike vertebrate models, null mutations in ATR or telomere-capping proteins are viable in Arabidopsis (Watson and Riha, 2010) . Furthermore, as demonstrated here, tetraploid Arabidopsis has the necessary genome-buffering capacity to reveal fundamental insights into the mechanism of DNTF.
Remarkably, up to one-half of the 4X Arabidopsis transformants we tested acquired truncated chromosomes capped by new telomeres. This represents a fivefold increase in DNTF events relative to diploid Arabidopsis and a much higher frequency than in yeast (<1%; Kramer and Haber, 1993) , human embryonic fibroblasts (<2%; Barnett et al., 1993) , or maize (;9%; Yu et al. 2006) . The incidence of DNTF events in 4X Arabidopsis is comparable to mammalian cancer cell lines (40-60%), which are characterized by abrogated cell cycle checkpoints and rampant aneuploidy (Nigg, 2001) . In normal diploids, including Arabidopsis, DNTF events are almost uniformly recovered near chromosome ends (Barnett et al., 1993; Yu et al., 2006) . By contrast, DNTF events arise throughout the entire 4X Arabidopsis genome, an outcome that does not reflect an increased T-DNA integration in tetraploid plants. Rather, the genetic redundancy of the tetraploid genome appears to provide a less stringent filter for telomere-mediated chromosome truncation.
A Critical Length Threshold for New Telomeres
Arabidopsis can establish a telomere with a TRA of only 100 bp. DNTF events may actually occur with little to no TRA seed sequence. Arabidopsis telomerase extends primers lacking any complementarity to the telomerase RNA template in vitro by aligning the 39 terminus at a "default" position within the RNA After the first step of T-DNA insertion (Step 1), there is a competition for the TRA by Ku, T-DNA integration machinery, and exonucleases at the DSB formed at the 39 end of the T-DNA (
Step 2). T-DNA integration will occur if integration machinery out competes Ku (Step 3b). If Ku out competes the integration machinery, controlled exonucleolytic processing exposes the TRA (Step 2). A new telomere is established by association of double-strand telomere binding proteins and the Cdc13/ CTC1, Stn1, and Ten1 capping complex (Step 3a). After telomere establishment, the new telomere must be maintained by telomerase (Step 4) above the critical 1-kb length threshold to prevent end-joining reactions. (Fitzgerald et al., 2001) . Moreover, in yeast and mammals, telomeres can be formed in the complete absence of a TRA (Flint et al., 1994) via microhomology between the nucleotides at the 39 terminus of the break site and the telomerase RNA template (Stellwagen et al., 2003) . DTNF at the a-globin locus in humans and in mouse embryonic stem cells is thought to proceed by such a mechanism (Wong et al., 1997; Sprung et al., 1999) . By exploiting a PCR strategy devised to follow the fate of individual Arabidopsis telomeres, we discovered that the TRA must be elongated above a critical 1-kb length threshold to establish a fully capped telomere that prohibits end-joining reactions. The average length of new telomeres formed with a 100-bp TRA was 1.1 kb. Moreover, telomere fusion events were detected with TRAs shorter than 1 kb, whereas longer TRAs were immune. The molecular switch underlying this pivotal length threshold is unknown, but it may represent the minimal TRA required to recruit a sufficient number of telomere-capping proteins or to assemble into a protective secondary structure such as a t-loop.
Competition for the Nascent Chromosome Terminus
Once a TRA is exposed, we speculate that it is engaged by multiple competing pathways ( Figure 7) . As in mammalian cells (Okabe et al., 2000) , we found that telomerase is not required to establish a new telomere when the break occurs adjacent to a TRA (Figure 7, steps 1-3) . However, telomerase is needed to maintain the integrity of the new telomere in successive generations (Figure 7 , step 4). Successful de novo telomeres formed from short TRAs are extended past 1 kb in the first generation and then brought into the wild-type range in the second generation after transformation. Intriguingly, DNTF occurred at an even higher frequency in telomerase-deficient 4X plants than in wildtype 4X. One explanation is that telomerase interferes with DNTF by competing with proteins needed to form a protective cap and thus stabilize the nascent terminus (Figure 7, steps 2 and 3a) .
We also exploited the genetic tractability of Arabidopsis to investigate how NHEJ machinery affects DNTF in a multicellular organism. Unexpectedly, we discovered that Ku and LIG4 directly or indirectly promote DNTF. NHEJ occurs by multiple routes in Arabidopsis, including a Ku-and LIG4-independent pathway. Neither of these factors is required for T-DNA integration (Gallego et al., 2003; van Attikum et al., 2003; Li et al., 2005; Heacock et al., 2007) . The frequency of DNTF events in 4X lig4 mutants was significantly reduced, and the new telomere tracts were shorter than in 4X wild-type plants. Notably, in plants doubly deficient in LIG4 and TERT, extreme nucleolytic degradation is observed prior to end-joining (Heacock et al., 2007) . Therefore, LIG4 may temporarily sequester the TRA from nucleolytic attack, providing additional time for telomere-capping proteins to engage the terminus (Figure 7, step 2) .
Finally, we discovered that Ku plays a critical role in DNTF in Arabidopsis. Unlike LIG4, Ku is an essential component of the chromosome terminus, functioning in telomere length regulation and protection of the telomeric C-strand (Bertuch and Lundblad, 2003; Wang et al., 2009) . Bertuch and colleagues propose a twofaced model for yeast Ku that explains its dual functions in NHEJ and telomere maintenance. In this model, Ku differentiates between telomeric and nontelomeric DNA based on the orientation of its two molecular faces (Ribes-Zamora et al., 2007) . Accordingly, Ku interaction with the TRA on the T-DNA could define this region as a telomere instead of a double-strand break. In this view, full integration of the T-DNA into the chromosome would be favored over DNTF (Figure 7, steps 3a and 3b) . In contrast to yeast, Ku does not associate with the TER1 telomerase RNP in Arabidopsis (Cifuentes-Rojas et al., 2011) and instead acts as a potent negative regulator of telomere length (Riha et al., 2002) . Thus, Ku could potentially play an indirect role in promoting DNTF. For example, in the absence of Ku, the ultralong endogenous telomeres may sequester double-strand telomere binding proteins, preventing the transgenic TRA from being established as a functional telomere.
DNTF and Chromosome Engineering
Our findings indicate that natural polyploids can be manipulated as a platform for chromosome engineering and plant breeding through telomere truncation. Given the high frequency of DNTF and a semi-high-throughput method for identifying these events, it should now be possible to recover chromosome truncations at a desired location. With different selectable markers, a streamlined chromosome could be created by multiple truncation events and then reintroduced into a diploid by conventional genetic crosses (Yu et al., 2007) or through centromere-mediated genome elimination (Ravi and Chan, 2010) . Finally, because truncated chromosomes can be transmitted to progeny, the consequences of such events could be examined over several generations.
METHODS
Arabidopsis thaliana Lines, Tetraploidization, and Transformation
The lig4, tert, and ku70 T-DNA insertion lines have been previously described (Riha et al., 2001 (Riha et al., , 2002 Heacock et al., 2007) . Mutant lines (4X) were generated by the application of 2 mL of a 0.1% colchicine solution to the apical meristem of 7-to 14-d-old seedlings (second generation homozygous [G2] for the various T-DNA insertion). Seeds were collected from large flowers. Cytological confirmation of tetraploidy was performed by counting chromomeres of 49,6-diamidino-2-phenylindole-stained nuclei (Yu et al., 2006) . G3 (4X) plants were then transformed by the floral dip method (Zhang et al., 2006) .
Plasmid Construction
The 2.6-kb and 950-, 800-, 700-, 400-, and 200-bp TRA derivatives of pWY86 were obtained by transforming pWY86 into Stbl2 cells (Invitrogen) and screening individual colonies by restriction digestion with EcoRI and BglII. A 100-bp TRA, 950-bp TRA, jumbled TRA, UAS, vertebrate TRA, and inverted TRA were constructed using a modified PCR reaction described in detail below and cloned into a Gateway entry vector. These constructs were then transferred to Agrobacterium tumefaciens destination vectors pBGW or pBWG by the Gateway clonase reaction (Karimi et al., 2002) . The pWY86 and pBGW constructs were propagated in Invitrogen's Stbl2 recombination-impaired cells and grown at 308C instead of 378C to minimize intrarepeat array recombination. Integrity of the constructs in A. tumefaciens was confirmed by extracting plasmid from a sample of the cells used to dip the plants and analyzing by restriction digestion.
Gateway Cloning of Repeat Arrays
TRAs were synthesized by performing a modified PCR reaction using two complementary oligonucleotide primers composed of a number of the desired repeats. Primers were designed to produce a single-strand overhang when annealed. The primers were resuspended to a stock concentration of 100 mM. The optimal oligonucleotide concentration to produce arrays of the correct size was determined (1 mL of oligo stock:20 mL of water; also in 1:40, 1:80, and 1:150 concentrations) in a reaction that contained phusion polymerase and reagents (New England Biolabs): 4 mL of 10 High Fidelity buffer (New England Biolabs), 1.2 mL of 2.5 mM deoxynucleotide triphosphates, 4 mL of oligo number 1 dilution, 4 mL of oligo number 2 dilution, 6.2 mL of water, and 0.2 mL of phusion polymerase. Cycling conditions were: (1) 988C for 30 s, (2) 988C for 10 s, (3) 588C for 15 s, (4) 728C for 5 s, (5) go to step 2 four more times, (6) 988C for 10 s, (7) 588C for 15 s, (8) 728C for 5 s and add 2 s each cycle, (9) go to step 6 34 more times, and (10) 48C hold. The PCR reaction produced a broad smear that varied in length depending on the primer concentration (lower concentrations produced high molecular weight products, whereas higher primer concentrations produced lower molecular weight products). After running a gel to determine which oligo concentration produced the desired product size range, a larger (three times for each reagent) reaction was set up with that primer concentration, and the products were run on a gel; the desired size range was extracted from the gel (Promega SV Wizard kit) and cloned using Invitrogen's blunt end TOPO cloning kit (catalog no. K250020) with the pCR8/GW/TOPO vector, which contains Gateway attL1 and attL2 sites flanking the cloning site. The TOPO reaction was transformed into Stbl2 or Stbl4 recombination impaired cells (Invitrogen) and grown at 308C (instead of 378C) to minimize intrarepeat array recombination. After Escherichia coli transformation, the repeat array length and orientation were determined for individual clones by restriction analysis and sequencing. Depending on the orientation, the repeat array was moved into pBGW or pBWG via the Gateway clonase reaction. pBGW and pBWG are identical except for the orientation of the gateway cassette. Most of the repeat arrays recovered were less than 700 bp and were stable in the Stbl2 line and in A. tumefaciens.
TAIL-PCR
To determine sites of T-DNA insertion or DNTF, TAIL-PCR was performed using the TAIL, modified TAIL, and high-efficiency TAIL methods (Sessions et al., 2002; Liu and Chen, 2007) . Primer sequences are shown in Supplemental Table 2 online. TAIL-PCR products were cloned into the TOPO-TA 2.1 vector and were sequenced using the M13 forward primer (Invitrogen).
PETRA and TF-PCR
PETRA and TF-PCR were performed as described in Heacock et al. (2004) with the following modifications. The PETRA-T reaction was followed by multiple PETRA-A reactions using the PETRA-A primer and either of two primers specific to pWY86, PWY86#1 and pWY86#3, or either of two primers specific to pBGW, PBGW#3 and PBGW#4 (see Supplemental Table 2 online for primer sequences). PETRA on ku70 samples was performed as described previously, except that the extension time was increased to 4 min to amplify the longer telomeres.
Statistical Analysis of DNTF Efficiency
An online Fisher's exact test (http://www.langsrud.com/fisher.htm) was used to compare wild-type tetraploid lines transformed with the 2.6-kb TRA against all other TRAs used and against all other genetic backgrounds. In two cases, duplicate transformation experiments were performed with the same construct (see Supplemental Table 1 online) . No statistically significant difference was observed in these cases, and the results were combined to get an overall DNTF efficiency number for that particular construct.
DNA Gel Blot Analysis
Fifty micrograms of genomic DNA was digested with one of three enzymes (SwaI, SmaI, or HindIII) . Digests were ethanol precipitated and then separated on a 1% agarose gel. This was followed by transfer to a nylon membrane (GE) and hybridization with a High Prime (Roche) internally labeled dsDNA probe (probe no. 2) at 658C. Enzymes were picked so that a staggered product would be formed in the event of a truncation.
To determine equal number of insertion events per line, genomic DNA was digested with EcoRI and HindIII. Following ethanol precipitation, DNA gel blotting was performed, probing with a dsDNA probe specific for the BAR gene.
Supplemental Data
The following materials are available in the online version of this article. Supplemental Table 1 . DNTF Efficiencies in Different Genetic Backgrounds.
Supplemental
Supplemental Table 2 . Primers Used in This Study.
